Stroke is not only more prevalent but is also associated with more severe adverse functional outcomes among patients with sleep apnea. Monocarboxylate transporters (MCT) are important regulators of cellular bioenergetics, have been implicated in brain susceptibility to acute severe hypoxia (ASH), and could underlie the unfavorable prognosis of cerebrovascular accidents in sleep apnea patients. Rodents were exposed to either intermittent hypoxia (IH) during sleep, a characteristic feature of sleep apnea, or to sustained hypoxia (SH), and expression of MCT1 and MCT2 was assessed. In addition, the functional recovery to middle cerebral artery occlusion (MCAO) in rats and hMCT2 transgenic mice and of hippocampal slices subjected to ASH was assessed, as well as the effects of MCT blocker and MCT2 antisense oligonucleotides and siRNAs. IH, but not SH, induced significant reductions in MCT2 expression over time at both the mRNA and protein levels and in the functional recovery of hippocampal slices subjected to ASH. Similarly, MCAO-induced infarcts were significantly greater in IH-exposed rats and mice, and overexpression of hMCT2 in mice markedly attenuated the adverse effects of IH. Exogenous pyruvate treatment reduced infarct volumes in normoxic rats but not in IH-exposed rats. Administration of the MCT2 blocker 4CN, but not the MCT1 antagonist p-chloromercuribenzene sulfonate, increased infarct size. Thus, prolonged exposures to IH mimicking sleep apnea are associated with increased CNS vulnerability to ischemia that is mediated, at least in part, by concomitant decreases in the expression and function of MCT2. Efforts to develop agonists of MCT2 should provide opportunities to ameliorate the overall outcome of stroke.
Introduction
Obstructive sleep apnea (OSA), which affects 4 -6% of the adult middle-age population, is characterized by repeated episodes of hypoxia and hypercapnia during sleep as well as with sleep discontinuity attributable to frequent arousals aiming to reestablish upper airway patency. The major deleterious consequences of untreated OSA can be partitioned into two major groups, namely cardiovascular and neural morbidities. From the cardiovascular standpoint, OSA, via repeated arousals and/or intermittent hypoxia (IH), may play a causative role in hypertension, which in turn could accelerate the onset or aggravate the clinical course of cardiovascular disease and increase the risk for sudden death (Somers et al., 2008) . The major neurocognitive manifestations of OSA include excessive daytime sleepiness, personality and psychosocial maladjustment patterns, and mental impairment in terms of thinking, perception, memory, communication, or the ability to learn new information (Beebe et al., 2003; Kheirandish and Gozal, 2006; Nowak et al., 2006) . Similarly, an increased prevalence of stroke among OSA patients has been repeatedly reported (Sahlin et al., 2008; Valham et al., 2008) , whereby OSA is a risk factor for stroke as well as a consequence of stroke (Minoguchi et al., 2007; Ali and Avidan, 2008) . Furthermore, the severity and anatomical extent of the stroke appears to be exacerbated in the presence of OSA (Parra et al., 2000) , with both the shortterm and long-term outcomes of stroke being worse in patients suffering from OSA (Spriggs et al., 1992; Good et al., 1996; Bassetti and Aldrich, 1999; Ryan et al., 2011) .
Sustained hypoxia (SH) confers neural protection in a rodent model of acute hypoxia-ischemia, possibly via a coordinated regulation of multiple gene networks (Ratan et al., 2007) . However, these findings apparently contradict those of increased stroke severity among patients with OSA. These disparities suggest that IH and SH may greatly differ in their effects on gene regulation and on their ability to mount protective neural survival mechanisms after acute ischemia. The mechanisms mediating the increased brain vulnerability to acute ischemia when IH is present during sleep are unknown.
Lactate accumulates in the brain not only during oxygen deprivation but also during normal cerebral stimulation in normoxic conditions (Fellows et al., 1993) . Moreover, lactate can support synaptic function in vitro in the absence of glucose as the sole energy substrate (Schurr et al., 1988) . In acute severe hypoxia (ASH), glycolysis becomes essential for ATP production, and the concentration of monocarboxylates significantly rises in neural tissue (Schurr et al., 1997a) . The protective role of such lactate increase during ASH is further supported by the observations that lactate is preferred over glucose and is an obligatory energy substrate during functional neural recovery after ASH (Schurr et al., 1997b) . The coupling of glutamatergic neuronal activity in the brain and glucose and subsequent lactate utilization is explained by the existence of an astrocyte-neuron lactate shuttle (Pellerin and Magistretti, 1994) . Under such mechanism, lactate is released from astrocytes via monocarboxylate transporter 1 (MCT1) and undergoes uptake by neurons through MCT2, in which it is used to fulfill the energetic needs of these cells. If lactate transport is impaired, lactic acid will accumulate, resulting in a decrease in pH, an inhibition of glycolysis, a decrease in cellular ATP, and ultimately leading to cell death in the astrocytes and to energy deprivation and cell dysfunction or death in neurons (Schurr and Rigor, 1998; Berthet et al., 2009; Allaman et al., 2011; Suzuki et al., 2011) . Thus, the increased neural tissue vulnerability to ASH in OSA could result from maladaptive changes in the expression of lactate transporters MCT1 and MCT2, leading to an imbalance between lactate utilization and transport and compromising the ability of neurons to uptake monocarboxylates as obligatory energy substrates for functional recovery from ASH.
Materials and Methods

Animals
Male Sprague Dawley rats (200 -225 g; Charles River) and C57BL/6 (The Jackson Laboratory) and transgenic mice overexpressing the human MCT2 (hMCT2 Tg) were used for experiments. The experimental protocols were approved by the Institutional Animal Use and Care Committee and are in close agreement with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering, to reduce the number of animals used, and to use alternatives to in vivo techniques. hMCT2 Tg mice were generated after cloning the open-reading frame of hMCT2 using a PCR-based strategy and subsequently generating a ubiquitin C promoter-based hMCT2 overexpression vector that also possessed a 3Ј V5-His tag for easy detection of the fusion protein. DNA injections were performed using eggs derived from a C57BL/6ϫDBA2 (50 ϫ 50%) hybrid strain, followed by breeding the hMCT2 founders to identify nonchimeric, germ-linetransmitting F1 mice and backcrossing them with the C57BL/6 strain for at least 10 generations.
Intermittent or sustained hypoxia exposures
Animals sojourned in commercially designed chambers (Oxycycler model A44XO; Reming Bioinstruments) that were operated under a 12 h light/dark cycle (6:00 A.M. to 6:00 P.M.). Gas was circulated around each of the chambers, attached tubing, and other units at 60 L/min (i.e., one complete change per 10 -30 s). The O 2 concentration was continuously measured by an O 2 analyzer and was changed throughout daylight hours by a computerized system controlling the gas valve outlets, such that the moment-to-moment desired oxygen concentration of the chamber was programmed and adjusted automatically. Deviations from the desired concentration were met by addition of N 2 or O 2 through solenoid valves. For the remaining 12 h of nighttime, oxygen concentrations were kept at 21%. Ambient CO 2 in the chamber was periodically monitored and maintained at Ͻ0.01% by adjusting overall chamber basal ventilation. Humidity was measured and maintained at 40 -50% by circulating the gas through a freezer and silica gel. Ambient temperature was kept at 24°C for rats and 28°C for mice. The IH profile for rats consisted of alternating room air (RA) and 10% oxygen every 90 s during daylight hours for the desired duration , whereas SH consisted of constant exposure to 10% oxygen. For mice, a similar cycle duration was used, but F I O 2 nadir was 5.7%. The frequency and duration of the IH cycles was aimed to reproduce the oxyhemoglobin desaturation patterns frequently found in patients with OSA or moderate severity. Time-pointmatched control animals were exposed to circulating normoxic gas in one of the four chambers.
Preparation of hippocampal slices
Animals were anesthetized with ether and perfused through the heart with 60 ml of cold (4°C) bathing medium containing the following (in mM): 129 NaCl, 3.5 KCl, 2 MgSO 4 1 NaH 2 PO 4 , 2.7 CaCl2, 26 NaHCO 3 , and 10 glucose (Kreisman et al., 2000) . The rats were decapitated, the brain was removed, and the tissue was placed immediately in ice-cold bathing medium. Transverse slices (300-m-thick) were cut with a mechanical tissue chopper (Stoelting) from the middle one-third of the hippocampus to avoid septotemporal gradients of excitability. Slices were then placed in the wells of a holding chamber on filter paper thoroughly wetted with bathing medium and gassed with humidified 95% O 2 -5% CO 2 . The incubation medium was maintained at room temperature (23-24°C) and was replaced with fresh medium at 45 min intervals. After 90 -120 min of preincubation, slices were transferred two each time to the nylon mesh of superfused-style recording chambers. The temperature in the recording chamber was maintained at 33-34°C, and the slice was superfused with standard bathing medium flowing at 0.6 ml/min. Warmed, humidified 95% O 2 -5% CO 2 superfused the slice at a rate of 480 ml/min. Osmolarity of the standard bathing medium was 295-300 mOsm/L.
Electrical field stimulation and recording
Viability of the CA1 region was tested by stimulating the Schaffer collaterals with constant-current pulses (400 mA, 0.2 ms) using glass micropipettes filled with 150 mM NaCl (tip resistance, 5-20 mV). Only stable recordings of population spikes with a minimum amplitude of 3 mV were acceptable. fEPSPs were recorded extracellularly in CA1 stratum radiatum in response to stimulating the Schaffer collaterals with constant-current pulses (50 -100 mA, 1 ms) to produce a response that was 50 -75% of maximum amplitude. Extracellular direct current levels were recorded continuously on a strip-chart recorder, and evoked responses were digitally acquired.
Induction of in vitro hypoxia
ASH was induced by switching the gas mixture superfusing the slices from 95% O 2 -5% CO 2 to 95% N 2 -5% CO 2 . In several experiments, PO 2 in the bathing medium was measured polarographically, by using a platinum electrode polarized to 20.7 V relative to an Ag-AgCl wire connected to ground. The mean PO 2 values in the upper 1 mm of the bath during normoxia and hypoxia were 443 Ϯ 19 and 20 Ϯ 3 mmHg, respectively (n ϭ 12). The duration of hypoxia was restricted to 10 or 12 min, followed by reoxygenation. Functional recovery was assessed by reappearance of fEPSP within 30 min, provided that the amplitude of fEPSP was Ͼ40% from baseline. In preliminary experiments, ϳ85% of hippocampal slices derived from control rats displayed functional recovery after being exposed to 10 min ASH, whereas only 55% recovered after 12 min. Therefore, a 10 min ASH duration was retained for all subsequent experiments.
Middle cerebral artery occlusion
(1) In rats under general anesthesia, a craniectomy was performed, and surgical exposure of the right MCA was conducted under direct visualization using surgical microscope. The artery was occluded using a surgical string at its entrance into the lateral base of the skull for 65 min. Reperfusion was then allowed by releasing the occlusion, and reestablishment of blood flow to preligation levels was allowed and verified using laser Doppler flowmetry (Periflux 5000 System; Perimed). After 72 h, animals were killed, and the brain was extracted and stained using 2,3,5-triphenyltetrazolium chloride or green methionine stain. (2) In another subset of rats, recovery was allowed for 14 d, after which a water maze protocol was conducted, and the animals were killed and processed as above. Infarct volume was determined from images obtained from serial sections of perfused brains stained with vital stain and examined by a blinded investigator. For controls, a craniectomy was conducted, and the dura were opened for vessel exposure but no occlusion was done (sham). (3) In a third subset of rats, MCAO was conducted, and within 1 h from reperfusion, either pyruvate (500 mg/kg) or vehicle was given intraperitoneally. Animals were allowed to recover for 3 d, after which they were killed and processed as above for assessment of infarct size. (4) In a fourth group, anesthetized animals underwent placement of a cannula in the left lateral ventricle attached to an osmotic pump (Alzet model 1002 and brain infusion kit) filled with the MCT blocker cyano-4-hydroxycinnamate (4-CN) (2 mM; Sigma), the MCT1 blocker p-chloromercuribenzene sulfonate (pCMBS) (2 mM; Sigma), or vehicle. In addition, 10 l of 2 mM 4-CN, pCMBS, or vehicle were given intracerebroventricularly at the end of surgery. The concentration of 4-CN was established from preliminary experiments designed to achieve an effective concentration of the compound within the 0.5 mM range in vitro (Schurr et al., 2001 ). In addition, this concentration has been established as preferentially blocking the activity of MCT2. Two days after recovery, MCAO was conducted as described above, and infarct size was determined after 3 d. (5) An antisense oligonucleotide (ON) specifically targeted against MCT2 and validated in preliminary in vitro experiments and scrambled oligonucleotide were administered intracerebroventricularly using an osmotic pump for 72 h, followed by MCAO. (6) Finally, chemically synthesized siRNAs (500 g in 100 l) were initially injected into the left lateral ventricle in 10 min via the implanted cannula. This initial dose was followed by an intracerebroventricular infusion of the same siRNAs at a rate of 2.5 g/h with the use of the osmotic pump for 5 d. Three days after the initial dose, MCAO was conducted as above, and, 2 d later, infarct size was determined. Two siRNAs specific for rat MCT2 were shown to be effective in silencing the gene in cultured cells and were used in combination (1:1) for intracerebroventricular applications (rMCT2/1066, 5Ј-AAGTAAGGTTGGCTCAAGACA-3Ј; rMCT2/1360, 5ЈAATCCGTCC-ACGAATCCAGTA-3Ј).
Antisense oligonucleotide approach
A MCT2 knockdown strategy using phosphorothioate antisense ONs was developed to complement pharmacological inhibition of MCT2. We identified a 14 nt sequence (5Ј-TGGCATTTCTGAGC-3Ј) surrounding the translation initiation site of the rat MCT2 gene and found that this region shared relatively low degree of homology with other members of the MCT gene family. For example, it is 59 and 43% homologous with the rat MCT1 and MCT4 genes, respectively. The specificity and effectiveness of this antisense ON in inhibiting MCT2 protein synthesis were confirmed in a transient transfection assay in PC12 cells that constitutively express MCT2 and further verified in vivo before MCAO experiments. A scrambled ON (5Ј-CTGAGTGTCATGCT-3Ј) was used as control.
Transient middle cerebral artery occlusion in mouse
hMCT2 Tg and wild-type mice (10-week-old) were anesthetized by an intraperitoneal injection of 8 mg/kg xylazine and 100 mg/kg ketamine. Hippocampal slices were exposed to ASH for 10 min after which reemergence of fEPSPs was assessed. No differences in ASH susceptibility emerged in SH-exposed rats after 3, 7, or 14 d exposures (red columns; n ϭ 24 slices from 6 different rats per group) when compared with RA-exposed rats (black column at time 0; n ϭ 48 slices from 12 different rats per group). In contrast, although no changes occurred after 3 d of IH, the percentage of slices harvested from rats exposed to either 7 or 14 d IH showing functional recovery was reduced (*p Ͻ 0.0001 vs time 0; n ϭ 24 slices from 6 different rats per group). A, Eighteen-point neurological scores were significantly lower in IH rats subjected to MCAO (*p Ͻ 0.01, IH vs RA; n ϭ 12). B, Whisker stimulation and paw placement test showed decreased responses in IH-exposed rats after MCAO compared with RA controls ( # p Ͻ 0.04, ANOVA). C, Foot fault test performance tests showed increased number of misplacements in IH-exposed rats after MCAO ( # p Ͻ 0.04, ANOVA). D, Rotarod test performances showed that rats subjected to IH exposures and MCAO had significantly shorter latencies than normoxic controls (*p Ͻ 0.01 vs RA). Ischemia was induced by inserting an 11 mm silicone-coated 8-0 filament through the left common carotid artery into the internal carotid artery. The filament was withdrawn after 30 min, allowing reperfusion. Regional cerebral blood flow was measured by laser Doppler flowmetry (Periflux 5000; Perimed) with a flexible probe fixed on the skull, 1 mm posteriorly and 6 mm laterally from bregma. The mice were killed 48 h after the onset of focal ischemia, and 20-m-thick, 720-m-apart, coronal cryostat sections were stained with cresyl violet for histologic determination of lesion size. A digitalized image of the Nissl-stained tissue was obtained under a light stereomicroscope, and the lesion area on stained sections was determined by an examiner blinded for the treatment group using NIH ImageJ software (http://rsb.info.nih.gov/ij/). Direct infarct volume was calculated by multiplying the sum of the infarct areas on each section by the spacing distance. To avoid bias attributable to edema, an indirect lesion size was calculated as follows: Indirect lesion ϭ volume contralateral Ϫ (volume ipsilateral Ϫ direct infarct volume) as described previously by Swanson et al. (1990) .
Behavioral tests
Eighteen-point composite neurological score. The composite neuroscore comprises six different neurological tests: (1) spontaneous activity, (2) symmetry in limb movement, (3) forepaw outstretching, (4) climbing, (5) body proprioception, and (6) response to vibrissae touch. Each test is scored with a maximum of three points based on a set of predetermined criteria as described previously (Garcia et al., 1995) . The scores for each test were summed for a highest possible score of 18, indicating no neurological deficit, and the lowest score of 3, for animals with the most severe impairment.
Foot fault test. The foot fault (Columbus Instruments) is used to measure the coordination of an animal walking across a horizontal ladder (Colle et al., 1986) . The ladder width is 6.5 inches, with 0.3125-inch beams 1 inch apart. The animal is trained to walk across a ladder 0.25 inches above a steel plate. The plate is then charged once during training so that, if the animal's paw comes in contact with the plate, the animal is lightly shocked. The animal learns consequently to avoid the steel plate by keeping its paws on the ladder beams during each run. Foot misplacements during the run and time to complete each run are counted. The average performance of three consecutive runs is reported for each animal.
Vibrissae-evoked forelimb placing. The forelimb placing test assesses the ability of rats to sense tactile stimulus from the vibrissae and subsequently elicit a motor response of forelimb placing (Schallert et al., 2003) . In this test, animal body was held gently such that the paws were suspended off the experimenter's hand. The animal was then brought laterally to a table top while the vibrissae brush against the edge of the table, allowing the animal to reach the edge with its forepaw. This procedure was repeated 10 times on each side. The number of successful paw placements on to the edge of the table was recorded. A cross-midline variation to the test was also performed. Here, the animal was held on its side, and successful placements of the opposite paw to the stimulated whisker were recorded.
Rotarod motor test. In the rotarod motor test, only animals capable of remaining on the rotarod cylinder for Ͼ300 s were used for experiments. The rotarod cylinder was accelerated from 0 to 10 rpm within 1 min, and the time that each animal remained on the rotarod was measured with a cutoff time of 300 s. Data are presented as the mean duration from three trials.
Real-time PCR.
Determinations of MCT1 mRNA and MCT2 mRNA were determined using real-time PCR procedures, Total RNA was extracted using RNeasy kit (Qiagen). Aliquots of total RNA (1 g) were reverse transcribed to cDNA using random primers and Superscript II Reverse Transcriptase. cDNA equivalent to 100 ng of total RNA were subjected to real-time PCR analysis. The cycling conditions consisted of one cycle at 95°C for 10 min and 40 three-segment cycles (95°C for 15 s, 59°C for 1 min, and 72°C for 30 s). Immunoblot analyses. Rats were exposed to 0, 1, 3, 7, 14, or 30 d of IH or SH and were killed with a pentobarbital overdose. The skull was rapidly opened, and the brain was extracted, immediately placed on dry ice, and dissected under surgical microscopy. A portion of parietofrontal cortex and the CA1 region of the hippocampus were carefully removed. Tissues from two to three animals were pooled and homogenized at 0°C with a tissue blender in 20 mM Tris-HCl buffer, pH 7.5, containing 2 mM EDTA, 0.5 mM EGTA, 25 g/ml leupeptin, 25 g/ml aprotinin, and 1 mM PMSF. The homogenate was centrifuged for 10 min at 1000 ϫ g at 4°C to remove cell debris. Protein content was measured in each soluble fraction using the Bradford method (DC Bio-Rad protein assay), and samples were frozen at Ϫ70°C until analysis. Homogenate proteins (50 g) were heated for 10 min at 90°C, loaded onto 8% PAGE gels, then transferred electrophoretically onto nitrocellulose membranes. Membranes were incubated overnight at 4°C with antibodies to MCT1 (1:2000) and MCT2 (1:2000) isoforms (Pierre et al., 2002; Pellerin et al., 2005) , The same membranes were also blotted with ␤-actin antibody (Sigma), and blots were then normalized to ␤-actin. Densitometric analysis was performed with a gel scanning densitometer (Molecular Dynamics). In initial experiments, a control lysate was included.
Immunohistochemistry. Animals were deeply anesthetized and perfused intracardially with 4% phosphate-buffered paraformaldehyde. Serial sections were cut on a microtome. The free-floating sections were incubated with anti-MCT2 (1:200 dilution) and either anti-NeuN (1: 1000) or anti-GFAP antibodies (1:5000). Immunostained sections were further visualized with FITC-conjugated or rhodamine-conjugated second antibody. Sections were assessed using a Nikon Ellipse E800 microscope, and images were acquired using a SPOT digital camera.
Data analysis
Values are reported as mean Ϯ SD unless indicated otherwise. Two-way ANOVA for repeated measures, followed by the Newman-Keuls or Bonferroni's post hoc tests or Student's t tests were used to compare across experimental conditions as appropriate. A p value of Ͻ0.05 was considered to achieve statistical significance.
Results
IH, but not SH, increases hippocampal slice vulnerability to acute severe hypoxia
No differences in ASH susceptibility emerged in SH-exposed rats at 3, 7, or 14 d exposures when compared with normoxic rats (Fig. 1) . In contrast, although no changes occurred after 3 d of IH, slices harvested from rats exposed to either 7 or 14 d of IH were significantly more susceptible to ASH as evidenced by the proportion of slices showing reemergence of fEPSP within 30 min ( Fig. 1) ( p Ͻ 0.0001) . Of note, lactate tissue levels were similar immediately after ASH in all conditions (6.7 Ϯ 1.4 mM after room air; 7.2 Ϯ 1.7 mM after SH, and 6.8 Ϯ 1.6 mM after IH; p Ͼ 0.05).
Infarct volume after MCAO and functional recovery in IH-exposed rats
Based on the increased susceptibility to ASH after IH exposures, rats were exposed to 14 d of IH or normoxia (RA). Figure 2 shows infarct size after the MCAO procedure at 3 and 14 d of recovery. All IH-exposed rats had significantly larger infarcts compared with RA controls ( p Ͻ 0.001). Indeed, mean infarct volume 3 d after MCAO was 318 Ϯ 43 mm 3 in IH-exposed rats (n ϭ 12), whereas mean infarct volume was 223 Ϯ 38 mm 3 in the control group (Fig. 2) (n ϭ 12; p Ͻ 0.001), and no infarct was present in sham-operated animals (n ϭ 6 in IH and n ϭ 4 in normoxia) (data not shown). Although infarct size was smaller at 14 d of recovery, the extent of the infarct remained larger in IH-exposed animals (Fig. 2) . In addition, the overall performance on the various behavioral tasks was significantly worse in IH-exposed rats after either a 3, 7, or 14 d recovery period after MCAO when compared with RA-exposed rats (Fig. 3) (n ϭ 12/group) . Indeed, the overall time-dependent trajectory in the 18-point neurological scale was significantly worse in IH-exposed animals during the acute phase (i.e., 3 d after MCAO and subsequent assessments) (Fig. 3A) . Similar significant differences in the temporal changes in the right whisker to right paw responses occurred, albeit to a lesser extent (Fig. 3B) . The overall number of foot misplacements was significantly higher (Fig. 3C) , and the latency to fall in the rotarod task was significantly shorter in the IHexposed rats after MCAO and was followed by a slower recovery (Fig. 3D) .
MCT expression
Overall MCT1 mRNA expression in cortex and hippocampus (data not shown) was unchanged by SH or IH over time. In contrast, increased expression of MCT2 occurred over time after SH, whereas progressive reductions in MCT2 gene expression were apparent after 7 d of IH exposures when compared with normoxic timematched controls (Fig. 4) .
Western blots of cortical lysates further confirmed the absence of any significant changes in MCT1 protein expression, whereas increases in MCT2 expression after long-term SH and reduced MCT2 expression after IH emerged (Fig. 5) . Of note, MCT2 expression remained lower immediately 30 -60 min after MCAO in IHexposed rats (n ϭ 3/group; p Ͻ 0.04).
Immunohistochemical analysis of hippocampal sections showed that MCT2 expression was preferentially circumscribed to neurons (NeuN-positive cells) (Fig. 6A ) and that GFAP positively labeled cells did not exhibit intense staining (Fig. 6B) . Furthermore, IH exposures for 14 d resulted in marked decreases in hippocampal expression of MCT2 in neurons (Fig. 6A,C) .
MCT pharmacological experiments and MCT2 anti-sense oligonucleotides and siRNA Normoxic rats implanted with 4-CN-containing osmotic pumps and subjected to MCAO showed significant increases in infarct size after 3 d when compared with rats receiving vehicle (Fig. 7) (n ϭ 8/group; p Ͻ 0.001). However, administration of the MCT1 blocker pCMBS, which does not affect the activity of MCT2 (Carpenter and Halestrap, 1994; Halestrap and Price, 1999; Manning Fox et al., 2000) , failed to modify the size of the infarct after MCAO (Fig. 7) (n ϭ 6/group).
Similarly, MCT2 antisense ON administration resulted in anticipated reduced expression of MCT2 protein and increased infarct volumes after MCAO (Fig. 8) (n ϭ 5; p Ͻ 0.02). In addition, selective targeting of MCT2 using siRNAs strategies resulted in increased infarct size after MCAO (Fig. 9) .
To examine whether exogenously administered pyruvate improved infarct size after MCAO, rats exposed to either IH or RA were administered intraperitoneal 500 mg/kg pyruvate or vehicle within 1 h from reperfusion after MCAO. Pyruvate treatment was associated with significant reductions in infarct size in RAexposed rats but failed to alter the extent of the infarct in IHexposed animals (Fig. 10) .
Infarct size in transgenic mice overexpressing hMCT2 hMCT2 Tg mice and wild-type littermates were exposed to 14 d of IH or RA, after which they underwent MCAO procedures. Figure 10 shows that hMCT2 Tg mice were protected and that their infarct volumes in the cortex, striatum, or overall were smaller even after IH exposures when compared with wild-type mice (Fig. 11) ( p Ͻ 0.001; n ϭ 6/group).
Discussion
The principal findings of this study include increased neuronal susceptibility to ASH in animals undergoing chronic exposures to intermittent hypoxia during sleep, mimicking the highly prevalent disorder of sleep apnea. Furthermore, we now show that this increased susceptibility is mediated, at least in part, by chronic IH-induced decreases in the neuronal expression of Figure 9 . A, Representative distribution of siRNAs after treatment in rat cortex. B, Western blot analysis of MCT2 protein expression in cortical tissues harvested from rats treated with MCT2 siRNAs or negative scrambled RNA and delivered by intraventricle injection and infusion. Negative control siRNA had no effect on MCT2 expression, whereas siRNA achieved marked reductions in MCT2 expression. Each lane represents an individual animal cortex harvested from the same side of intracerebroventricular injection. C1 represents an untreated animal cortex. C, Cerebral infarct volume 48 h after MCAO in adult rats pretreated with either a negative control siRNA (negRNA) or MCT2 siRNAs showed significant increases after MCT2 siRNAs (*p Ͻ 0.01 vs negRNA; n ϭ 4/group). MCT2, such that alternative sources of energy to neurons during and after ASH cannot be effectively delivered. Together, these results present opportunities to further understand the mechanism underlying the dysregulation of MCT2 in the context of chronic IH and the development of effective strategies aiming at promoting MCT2 expression in patients with sleep apnea who may be at risk for cerebrovascular ischemic events (Minoguchi et al., 2007) .
The conceptual framework of a monocarboxylate-dependent energy source alternative to neuronal function and survival has been the subject of substantial debate over the past 2 decades. Notwithstanding, the overall evidence would support the existence of a lactate shuttle between astrocytes and neurons that plays a critical role during conditions such as acute ischemiareperfusion injury (Schurr et al., 1988) , as well as during physiological conditions such as learning and memory (Prichard et al., 1991; Allaman et al., 2011; Suzuki et al., 2011) . As part of this shuttle, MCT2 has emerged as a critical constituent of neuronal bioenergetic pathways. MCT2 cannot only be expressed in the plasma membrane, in which it governs the transport of monocarboxylates into the cell, but is also expressed in mitochondria, in which it is associated with lactate dehydrogenase and cytochrome oxidase, thereby further supporting the existence of a neuronal mitochondrial monocarboxylate oxidation complex shuttle and that of a cell-cell-based monocarboxylate shuttle, similar to those identified previously in other non-CNS tissues (Brooks, 2002; Hashimoto et al., 2008) . The neuronal monocarboxylate oxidation complex described recently by Brooks and colleagues would thus allow neurons to increase cell monocarboxylate functional availability and to oxidize available monocarboxylates, regardless of their sources (i.e., glycolytic pathways in the same neuron, apposing astrocytes, or from the microvasculature). Indeed, Moreira et al. (2009) have shown recently that both MCT1 and MCT2 are markedly upregulated in microglia, suggesting that these cells may also play a role in the recovery process from ischemic stroke. Accordingly, and consistent with previous findings (Pellerin and Magistretti, 1994) , such observations would permit operation of both shuttles in brain, thereby accounting for their critical role in both physiological and pathological conditions. Despite such obvious implications, it remains essentially unknown, however, how MCTs are regulated under conditions such as hypoxia/ischemia, in which enhanced lactate metabolism is required for survival (McClelland and Brooks, 2002; Py et al., 2005) . Preliminary evidence would suggest that the presence of hypoxia would enhance the expression of MCTs, and indeed at least one of the genes coding for MCTs, namely MCT4, was upregulated by hypoxia at the transcriptional level via a hypoxiainducible factor 1-dependent mechanism (Ullah et al., 2006) . We have recently shown that the transcription of the MCT2 gene is initiated from five distinct variants of exon 1, likely under the control of five alternative promoters, and that a large number of mature mRNA are produced from these pre-mRNA through alternative splicing of multiple internal exons in the 5Ј-UTR region. These findings would suggest that both alternative promoter usage and alternative splicing are key elements in the cellular-and subcellular-specific expression patterns of MCT2, as well as in the gene expression responses to environmental stressors (Zhang et al., 2007) .
From a functional standpoint, we found discrepant changes in hippocampal slice vulnerability to acute ischemia only after animals had been exposed to IH, and yet exposures to a similar magnitude of hypoxia in which the stimulus was sustained was void of any adverse consequences after acute ischemia. Similarly, the structural and functional outcomes of MCAO were adversely affected by preceding IH. Such findings would suggest differential regulation of MCT expression in IH and SH, despite the fact that the magnitude of hypoxia was the same. Confirmation of such assumption emerged from the reported expression studies, whereby IH and SH clearly had discrepant effects on MCT2 expression levels in brain, with significant reduction in MCT2 at the mRNA and protein levels after IH. Of note, the expression patterns of MCT2 in control animals were analogous to those reported previously (Koehler-Stec et al., 1998; Pierre et al., 2002) . We would also emphasize that the differences in infarct size were confirmed in wild-type mice exposed to IH and were attenuated by overexpression of MCT2 in mice even after exposures to IH.
The use of pyruvate or lactate as alternative energy sources during ASH has been repeatedly advocated as potentially conferring substantial neuronal protection in various model of stroke. Indeed, Lee et al. (2001) showed that exogenous administration of pyruvate at doses similar to those used herein was associated with substantial neuroprotection in a forebrain stroke model in rats. Similar findings have been reported recently by Alano et al. (2010) , whereby bypassing glycolytic inhibition associated with ASH with pyruvate prevented mitochondrial failure and neuronal cell death. In our model, pyruvate was effective in affording neuroprotection in normoxic animals but did not confer any incremental benefit in IH-exposed rats. Such observations would be commensurate with the reduction in MCT2 expression, which would then restrict the ability to activate the putative neuronal mitochondrial monocarboxylate oxidation complex and that of a cell-cell-based monocarboxylate shuttle to enable improved availability of cellular ATP. It remains unclear, however, whether such mechanisms would also be able to favorably regulate mitochondrial oxidative stress in the context of ASH (Fiskum et al., 2004) . Such assumption may not be far-fetched considering the life-prolonging effect of increased mitochondrial pyruvate availability in a Caenorhabditis elegans model (Mouchiroud et al., 2011) .
In summary, prolonged exposures to the intermittent hypoxia during sleep, which characterizes the highly prevalent condition of sleep apnea, result in increased brain susceptibility to acute ischemic events aiming to reproduce stroke in a rodent. The enhanced vulnerability of the neural substrate in this context appears to be accounted for by concomitant reductions in MCT2 neuronal expression. Thus, efforts to promote expression and efficiency of neuronal monocarboxylate transporters may ameliorate the adverse outcomes of stroke in patients with underlying sleep apnea.
